Abstract. The paper presents results of 3D numerical simulations of shock wave spreading in cityscape area modeled by prismatic bodies placed on a flat plate and inside a closed room. ANSYS Autodyne software is used for the computations. Four different test cases are investi-
INTRODUCTION
Nowadays, a lot of industrial accidents accompanied by explosions are happening throughout the world. Also, increase in the number of terrorist acts committed by means of explosions is observed. For improving safety of buildings and structures it is necessary to raise their resistance to explosive effects, as well as to be able to predict degree of potential damage upon explosive loads of various intensities [1 -3] . One of the principal goals in designing the structure resistant to explosive effects is to determine the dynamic response of structures to the impact of the blast wave. To this end, the transient pressure loads on the walls of the civil engineering structures are to be determined.
The simulation of explosion is highly complicated, involving an explosion causing the shock wave propagation in air and then interaction with a structure. In recent years, many efforts have been devoted to the development of reliable methods and algorithms for a more realistic analysis of structures subjected to blast loading. Blast predictions are most commonly conducted in one of two ways: simplified analytical and engineering methods [4 -6] or sophisticated CFD models [7 -8] .
The engineering-level techniques permit one to estimate an explosive shock impact only for isolated buildings. The complexity of the building, the presence of nearby structures and the surrounding environment can't be taken into account. To overcome these limitations, various CFD instrumentations are used for blast impact on the civil engineering objects including in-house and commercial software. Advanced computer aid engineering (CAE) software techniques combined with the latest methods of discrete three-dimensional city modeling permits one to simulate and analyze the effects of explosions in urban areas with a precision which previously was not possible [9, 10] .
In the previous papers by the authors [11, 12] , the adaptation of LS-DYNA and AUTODYN software was performed for the 3D problem of the blast wave impact on the single prism installed on the flat plate. Comparison of the simulation results to the experimental data [13] has shown that LS-DYNA and AUTODYN allow one to perform numerical modelling of explosive impact on the environment with an acceptable accuracy. The simplified engineering formulas gave a good coincidence with the experimental data only for the gauges situated on the windward surface of the model.
In the paper, ANSYS AUTODYN software was tested on the problems of blast wave propagation in the open and closed spaces. The simulation results are compared to the experimental and numerical data [13 -17] . The ability of two numerical schemes [18] [19] [20] is studied to predict the pressure history in gauges placed on walls of obstacles.
PROBLEM SETUP
Four different test cases are investigated numerically: three of them are for an open space with prismatic bodies placed on a flat plate, and the fourth is for the closed space with/without opening. In all the computations performed, the computational domains were the volume of air with the initial parameters corresponding to normal atmospheric conditions, namely, density ρ = 1.225 kg/m 3 , temperature T = 298.15 K, static pressure P = 101325 Pa, the heat capacity C p = 1004 J/kg·K. The geometries, problem setup and computational grids for the test cases are described below.
Test Case #1
The example has been taken from [13] . The prismatic body with 0.163x0.061 m crosssection and of 0.163 m height is placed on the flat plate. The charge of 23.7 g Demex explosive that corresponds to 27.26 g TNT is situated above the ground on height of 0.1 m and 1.5 m distance from the body. The geometry is shown in Figure 1 . Two pressure gauges T1 and T2 are installed on the windward and leeward faces of the prism. Because of problem symmetry, only half of the physical domain was modeled to reduce the computation costs. 
Test Case #2
This case has no any experimental data. The example was proposed and studied numerically in [14] . The geometry of Case #2 is shown in Figure 2 . Two prisms of different heights are installed on the plate substrate. At initial moment, the charge of 189 g TNT explosive is detonated at the point placed on the ground by 0.2 m distance from the front face of the smaller prism. The virtual gauges are put on the windward and leeward faces of the prisms. This case has also been computed for a half of the domain taking into account symmetry of the problem. 
Test Case #3
The test Case #3 experimentally studied in [15, 16] . Seven building shown in Figure 3 as A -F placed on the plate ground surface were imitating a cityscape. The heights prisms were as follows: H A = H G = 0.45 m; H B = H C = H E = 0.4 m; H D = H F = 0.3 m. The TNT charge of 16.0 g capacity is detonated at the point located by 0.04 m above the ground between buildings C and F. The distance between adjacent objects is less than or comparable to a linear scale of the prisms. In contrast to the test problems #1 and #2, for this configuration simulation cannot be carried out in a symmetrical approach and requires full 3D consideration. The static pressure behavior was recorded in several gauges placed at the prism walls and compared to the experimental data [15] . a b 
MATHEMATICAL MODEL AND METHODS OF COMPUTATIONS
The air region was generated around the prismatic bodies in Cases #1 -3 including the explosive charge. For the Case #4, the computational domain was confined by the room walls. At the initial time t = 0 the charge detonates, and detonation and shock wave spreads in open or closed space. Blast wave formation and propagation was computed with AUTODYN ANSYS 15.0 software on the basis of a hydrodynamic multi-material approach. The air and TNT properties used in the computations were retrieved from the standard AUTODYN library. The 3D Euler equations were used for computations complemented with the ideal gas equation of state for air and the JWL equation of state [21] for TNT:
The values of the empirical constants A, B, R1, R2, are shown in Table1, e is the specific internal energy and = / 0 is the relative specific density. At the external boundaries chosen far enough from region of interest, so called "soft" boundary conditions were set. All walls were supposed to be non-deformable, and "symmetry" conditions were used at the walls that guaranteed the absence of the flow through these boundaries. The second-order Godunov [18, 19] and FCT [20] finite-difference schemes were applied for space approximation. For the temporal approximation, the explicit scheme of the second order was used in compliance with the stability conditions. As the initial process of detonation in the open space is well described in the assumption of axial symmetry, to the moment when the primary shock wave reaches the plate or some prism surface, it is carried out in a 2D approximation. Then, the data obtained in the 2D calculations are interpolated at a 3D computational domain and simulations were continuing taking into account the shock wave interaction with the substrate and prism surfaces.
RESULTS OF COMPUTATIONS

Test Case #1
The grid convergence study was first performed using the second order sequel to Godunov's type finite difference scheme. Four various grids with hexagonal cells of equal size were used. The computed pressure history in the T1 gouge placed on the windward prism face presented in Figure 5 shows that all grids give similar results. All further computations were performed on the grid #4. Figure 6 shows the computed static pressure field in a symmetry plane in various time moments. Pressure histories written in gauges T1 and T2 are shown in Figure 7 . As can be seen from Figure 6 , a that corresponding t = 0.018 ms, shock (1) is reflected regularly from the surface. In Figure 6 , b one can see the irregular mode of shock reflection from the substrate. The wave front consisted of the original shock (1) and the Mach stem (2) propagates toward the prism. At the same time, reflected shocks (3) and (4) are moving toward the epicenter. After their interaction, a new secondary shock (5) is formed. In Figure 6 , f pressure contours are shown at the moment when the primary shock front reaches the front wall of the prism. After reflection, the shock (6) appears, and negative phase starts with pressure level lower that 1 atm. Figures 6, g, h show the diffraction of shock wave (2) along the prism walls and spreading of reflected shock (6) toward the epicenter. Further, shocks (6) and (5) interact that lead to formation of secondary wave of lower intensity.
In Figure 7 , besides the experimental data, three computation data are presented. The two of lines are obtained on the basis of 3D Euler equation computations using Godunov-type scheme of the second approximation order [18, 19] and FCT scheme [20] . The data obtained with empirical CONWEP function [4] . It can be seen that engineering-based approach permits one to predict the pressure maximum and shock arrival time to the frontal face of the prism which is in direct view of the explosion epicenter. But the CONWEP function is not able to describe the shielding effect as well as the secondary front formation. So an implementation of this approach is only possible to determine impact of the explosion on a single building.
As Figure 7 shows, there are several pressure peaks at frontal and rare faces of the prism. The first maximum P max ≈ 213 kPa in Figure 7 , a, is due to the impact of the shock (2) on the frontal face of the prism. The secondary shocks (5) and (6) cause the local maxima of 115 kPa on the plot of pressure history taken in T1 gauge. It should be noted that Godunov-type scheme underpredicts the pressure peaks and gives some delay in shock arrival moments on the windward and leeward faces. The first pressure peak on the leeward face is caused by action of primary shock wrapped the prism surface, while the second peak is due to the action of the same wave reflected from the ground surface. The second maximum is underpredicted by both schemes. Nevertheless, the plot shows that FCT scheme works better comparing the Godunov-type scheme and gives adequate prediction of the main pressure peaks and shock arrival times. 
Test Case #2
The computation domain was of 1.4 × 2.8 × 1.4 m size and consisted of 3.8 million cells with the cell size of 5 mm. Visualization of pressure contours available during the postprocessing stage allows a better understanding of the complex process of blast pressure interaction with a group of buildings. Figure 8 shows the computed static pressure at the ground level (z = 0) for different time moments after detonation. The pressure histories in the gauges placed on the front walls of the buildings are shown in Figure 9 .
From the figures, it could be seen that the shock (1) is spherically propagating till it reaches the front surface of the first building at time t=0.076 ms. Pressure history written in gauges on front face of the first building shows that maximal pressure of 8.5e+3 kPa is observed in gauge #1. The shock (1) interacts with shock (2) formed as a result of reflection. The common wave front propagates along the wall and wraps the whole building 1. During the diffraction, in a vicinity of the front face of the first building pressure falls below the atmospheric level. High pressure levels shown in figures by red circles are observed in triple points of shock interactions and reflections from the walls and symmetry line. This pressure rise causes the second peaks observed in gauges 1-5 at t  0.8 ms. After shock coming to the frontal face of the second building, all the gauges placed on the surface show significant pressure increase. Nevertheless, it should be noted that amplitudes of the peaks here is lower by the order of magnitude comparing those on the frontal face of the first building due to the shield effect. Because of a narrow space between the first and the second buildings, some additional shocks of lower intensity arise due to multiple reflections from the canyon walls. The traces of these secondary shocks can be seen in the pressure history plots shown in Figure 9 
Test Case #3
of this test case were performed in the computational domain with about 6 m the vicinity of the building complex. In Figure  10 shocks 1 and 2 comes through the ch pressure history plot in T21 gauge (Figure 11,b) is a result of shock (8) The computations illion hexa-cells each of 1×1×1 cm size. Let's consider the shock-wave structure in the instantaneous static pressure contours in a horizontal plane-section z = 0.105 m. Spherical shock (1), formed as a result of detonation propagating in an open space till it reaches the corner of the building F (Figure 10, a) . After reflection, the shock wave intensity is about 6 MPa. In some time moment the shock (1) falls on the wall of the building C and corner of the building E and reflects by irregular manner forming the triple points denoted by 3, 4 and 5 in Figure 10 , b . The shock (2) arises after reflection of the shock (1) from the building C and propagates toward the epicenter. The interaction of shocks (6) and (2) results in formation of the shock (7). At the same time, as Figures 10, c, d show, the shock (2) goes around a sharp corner of the building C and interacts with the shock (1).
In Figures 10, e-one can see how the joint front of annel between building B and D. The action of this front leads to a fast pressure rise in the gauge T1 that can be observed in Figure 11 ,a. The second pressure peak is formed due to action of secondary shocks (11) formed in the epicenter in result of numerous interactions of reflected shocks.
The first peak is ssing between buildings E and G. Afterwards, a negative phase is observed. Corresponding rarefaction wave formed in result of shock diffractions can be seen in Figure 10 ,h.
Further wave structure analysis is complicated by a large number of shocks and r ves formed in result of numerous interferences, reflections and diffraction of the waves. The comparison of computed results and experimental data is shown in Figure 11 . The symbols stand for experimental data [15] and the lines show the pressure history computed with two different schemes. The picture shows that both schemes predict the pressure loads on the building walls including positive and negative phases. The FCT scheme, as in previous case, is better in predicting the peak amplitudes and secondary waves. 
Test Case #4
First, 3D modeling of the explosion was carried out of for the 16 kg TNT charge located in the center of the room of 300×300×300 cm size in fully confined space. During the calculation, the static pressure history was recorded at control points located on one of the walls which were assumed to be non-deformable. Computational grid for the task contained 343,000 cells. The characteristic size of the computational cell was 4 cm. Figure 12 presents the pressure contours on the wall (x=0) showing the shock wave propagation and reflection. Figure 13 , a presents computed pressure histories at various gauges on the wall x = 0. It can be seen that because of a big charge mass, very high pressure levels were obtained in this case.
The blast wave expands from the epicenter and first comes to the gauge #6 situated in the wall center. As the shock spreads along the wall, the pressure rises in gauges #4 and 5 while decreases in gauge #6. In time moment t = 1.5 ms shock front reaches wall edges and reflects from perpendicular walls that lead to significant increase of the pressure peak. The highest pressure level of about 20 MPa is observed at gauge #1 situated at a very corner of the room. After reflection from the wall, the shock front moves toward the room center, and after symmetrical reflection, the whole process is repeated, but the second pressure spikes are lower and average pressure in the room increases.
As the next stage, computations were performed under the conditions of [17] for the TNT charge, located inside the room of 290×290×270 cm with the vent opening of 120 cm diameter in the ceiling. All the internal corners of the room had a 20 cm chamfer. In the center of the room TNT explosive was located. The mass of the explosive chards was varying (Table 4) . It the experiment, the static pressure was measured in nine sensors installed on one of room walls. Computational grid for the task contained 2 million cells with the size of 2 cm. The computed pressure history for the charge mass of 0.5 kg is shown in Figure 13 , b, and pressure plots at various time moments are presented in Figure 14 . Because of significantly smaller charge mass, the amplitude of pressure spikes is much lower than in the previous computations. The highest pressure is observed in the gauge #7 located close to the wall center. Static pressure contours at the wall z = 0 for test Case #4 with vent, m TNT =0.5 kg at various time moments are presented in Figure 14 . At the beginning, the whole shock wave structure is similar to that observer for a confined room. But due to the presence of vent opening, big part of the shock wave energy goes out of the room, an after the second reflection, pressure equalized, but the third pressure spike is observed in the gauge #7. The computed data were compared to experimental data [17] and a satisfactory agreement was obtained. 
CONCLUSIONS
 Four different test cases of explosive charge detonation and blast wave propagation in open and fully or partly confided space were investigated numerically using ANSYS Autodyn software;
 The list of test cases includes: (1) single prismatic body installed on the flat substrate; (2) two prismatic body of different size installed on a flat plate; (3) generic cityscape of several prismatic bodies installed on a flat plate; (4) fully or partly confined room.
 On a basis of simulation results, a complex wave structure was analyzed, and all the peculiarities of flows and pressure history records on building / room walls were described and explained.
 Juxtaposition of simulation results with experimental data available were performed showing a satisfactory agreement.
 The comparison of two numerical scheme abilities has shown the better FCT properties to predict fine flow details  The use of ANSYS AUTODYN tool can provide an effective approach to determining blast loads in an urban environment.
 The results indicate the necessity to take all the surrounding buildings into account when computing the blast loads on buildings in an urban environment.
